Early in infection of permissive mouse cells, messages from the early region of the polyoma virus genome accumulate preferentially over those from the late region. After initiation of DNA replication, the balance between early and late gene expression is reversed in favor of the late products. In previous work from our laboratory, we showed that viral early proteins do not activate the polyoma late promoter in the absence ofDNA replication. Here The molecular details underlying the early-late switch are poorly understood, although large TAg is known to play a pivotal role. Large TAg binds to its target DNA sequences within and adjacent to the replication origin (6-8) and is required for initiation and maintenance of polyoma virus replication. Previous experiments by others suggest that large TAg also transactivates the late promoter and represses transcriptional activity of early genes (2, 9-11). More recent data have suggested an additional involvement of middle TAg in regulating the early-late switch by interacting with host signal transduction pathways, which in turn modify transcription factors (10, 12). However, posttranscriptional regulation may play a more important role than large TAg in accumulation of late messages after DNA replication is initiated (3, (13) (14) (15) (16) . Activation of polyoma virus late genes is replicationdependent because (i) polyoma mutants carrying temperature-sensitive large TAg mutations cannot proceed into the late phase at a nonpermissive temperature (2); (ii) cytosine arabinoside (araC), a DNA replication inhibitor, prevents the polyoma virus early-late switch (3, 14) ; and (iii) polyoma virus late genes are generally not expressed in significant
nomes that fail to accumulate late RNA molecules are defective in the transactivation of replication-incompetent genomes. We suggest that titration of an unknown diffusible factor(s) after DNA replication relieves the block to late RNA accumulation seen in the early phase, with most of this titration being attributable to late-strand RNA molecules themselves.
The productive life cycle of polyoma virus in permissive mouse cells involves a transition from early to late phase that is characterized by the expression of different groups of genes (1) (2) (3) (4) (5) . Early in infection, gene products encoded by the early region of the viral genome [mRNAs encoding large, middle, and small tumor antigens (TAgs)] accumulate preferentially over those from the late region. After the onset of DNA replication, the balance between early and late gene expression is quickly reversed in favor of late products (mRNAs encoding the virion structural proteins VP1, VP2, and VP3); by late in infection, late messages exceed the early ones by a factor of (3) .
The molecular details underlying the early-late switch are poorly understood, although large TAg is known to play a pivotal role. Large TAg binds to its target DNA sequences within and adjacent to the replication origin (6) (7) (8) and is required for initiation and maintenance of polyoma virus replication. Previous experiments by others suggest that large TAg also transactivates the late promoter and represses transcriptional activity of early genes (2, (9) (10) (11) . More recent data have suggested an additional involvement of middle TAg in regulating the early-late switch by interacting with host signal transduction pathways, which in turn modify transcription factors (10, 12) . However, posttranscriptional regulation may play a more important role than large TAg in accumulation of late messages after DNA replication is initiated (3, (13) (14) (15) (16) .
Activation of polyoma virus late genes is replicationdependent because (i) polyoma mutants carrying temperature-sensitive large TAg mutations cannot proceed into the late phase at a nonpermissive temperature (2); (ii) cytosine arabinoside (araC), a DNA replication inhibitor, prevents the polyoma virus early-late switch (3, 14) ; and (iii) polyoma virus late genes are generally not expressed in significant
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. levels in transformed nonpermissive cells, in which polyoma fails to replicate (15) . Regulation of gene expression by DNA replication could be achieved via trans-or cis-acting mechanisms. Trans-acting factors may be modified, induced, or titrated as a result ofDNA replication. Alternatively, changes in chromatin structure induced by replication may exert a direct cis effect on late gene expression (17, 18) . In simian virus 40 (SV40), late genes can be activated in trans by large TAg in the absence of DNA replication (19) (20) (21) (22) . Recently, a trans effect involving depletion of an important transcriptional factor has been suggested for polyoma virus late gene activation (12) . In contrast, previous reports presented evidence for a direct effect of the SV40 replication origin in activating the SV40 late promoter (23) . Results from adenoviruses (24, 25) indicated cis-acting template effects on transcriptional control and posttranscriptional processing. A systematic study of a cis effect of DNA replication on polyoma late gene activation has not yet been reported.
We show here that TAg expression in the absence of DNA replication is insufficient to induce the polyoma virus earlylate switch. Replication-defective constructs (i.e., those with deletions in the origin, deletion of large TAg binding sequences, or frame-shift mutations in the early region) failed to activate late genes in transient transfection assays. Cotransfection of a construct carrying a mutation in the replication origin with a distinguishable but replicationcompetent viral genome revealed that a replicationincompetent viral genome can be activated in trans by a replicating viral genome in the same cell. These results suggest that polyoma virus late gene expression is under negative regulation before the initiation of viral DNA replication. We propose that titration of an unknown diffusible factor(s) after DNA replication relieves the block to late RNA accumulation seen in the early phase. Surprisingly, most of this titration may result from late-strand RNA molecules.
MATERIALS AND METHODS
Plasmid Construction. Constructs ThsA (formerly E89) and oriA (formerly AT) were constructed as described (17) . To create construct Tfs, 2 bp were added at each Ava I site in the early coding region (positions 673 and 1032 of strain 59RA, refs. 26 and 27). The "marked" Tfs (Tfs-M) was constructed by removing a Bbs I fragment (nt 978-1073) from the early region and by replacing a Hincll fragment from the late region (nt 2985-3489) with a Hincll fragment from the late region of SV40 (nt 2057-2297). Construction of oriA-M followed the same strategy.
Cell Culture, Transfection, and RNA Isolation. Mouse NIH 3T3 cells were maintained and propagated as described (17) . Transfection procedures followed a DEAE-dextran method (28) with 4 ug of DNA per 100-mm plate. For cotransfection experiments, equal amounts of plasmids were always used; Abbreviations: TAg, tumor antigen; araC, cytosine arabinoside; SV40, simian virus 40. *To whom reprint requests should be addressed. controls for such experiments used pUC18 DNA. Total RNA isolation was as described (28) . The RNA samples were further treated to remove the trace amount of DNA contamination by a modified acid-phenol method (29) . Cytoplasmic RNA was isolated by a guanidinium isothiocyanate method as described (3) .
RNase Protection. Clones for generating RNA probes VP1 and E(A) were described elsewhere (13 (17, 31) and then digested with an excess ofDpn I, EcoRI, and BamHI. Replication assays were as described (17) (Fig. 1A) to examine whether the polyoma large TAg plays a direct role in earlylate switch or an indirect role by activating DNA replication. Tfs (TAg frame shift) carries two translational frame-shift mutations in the early region so that functional large, middle, and small TAgs cannot be produced. Construct oriA lacks a stretch of 8 consecutive thymidine residues at the late border of the minimal replication origin. These thymidines are known to be required for DNA replication, both for polyoma and for SV40 (17, 32, 33) . ThsA (TAg binding site deletion) lacks two high-affinity binding sites for large TAg on the early side of the origin palindrome; at least one of these two sites is required for DNA replication (6) (7) (8) .
RNase protection assays of early-strand and late-strand gene expression from cells 48 h after transfection with these mutants are shown in Fig. 1B . Late cytoplasmic messages from a wild-type transfection were predominant over the early ones by a factor of 10 (lanes 1 and 5), mimicking a typical late phase of infection. In contrast, the late signals from all three replication-defective mutants were very low (lanes 6-8). The ratios of late to early signals for all three constructs were =1:5, resembling an early pattern of infection before the initiation ofDNA replication (3) . Results were the same when total RNA from transfected cells was examined (data not shown). Replication assays (Fig. 1C) To distinguish between these possibilities, we marked both constructs Tfs and oriA by a small early region deletion and by replacing a portion of the late region with a corresponding fragment from SV40 (Fig. 2D) . The early and late transcripts from these marked viruses could be easily discerned from those of wild type in our standard RNase protection assay. When transfected alone, both Tfs-M (marked Tfs) and oriA-M (marked oriA) failed to replicate (Fig. 2C, lanes 1 and 3) . Analysis of total RNA showed that both Tfs-M and oriA-M failed to express late genes at a high level (Fig. 2B, lanes 1 and  3) . However, the presence of large TAg supplied by cotransfected wild-type polyoma genomes corrected the replication defect of Tfs-M (Fig. 2C, lane 2 (compare Fig. 2 A, lanes 1 and 2, and B, lanes 1 and 2) , indicating that viral sequences missing in the marked regions are not essential for DNA replication or for the early-late switch. As expected, we could not detect any replication of oriA-M, even when cotransfected with wild type (Fig. 2C,  lane 4) . Surprisingly, however, late gene expression from oriA-M was stimulated >20-fold by wild type in trans (Fig.  2B, compare lanes 3 and 4) (34, 35) , but each blocks both viral DNA replication (data not shown) and the early-late switch (Fig. 3) Fig. 3, lanes 2 and 3 with lane 1) . This makes it unlikely that early proteins alone are sufficient to induce the switch. This result also suggests that the concentration of viral DNA (i.e., template number) might be important in regulating the switch. Additional experiments using constructs oriA and Tfs-M (Fig. 4A) (Fig. 2C) . When oriA and Tfs-M were cotransfected, the early-late ratio of RNA remained at 5:1 (Fig.  4A, lanes 1 and 3) , a typical early pattern. Analysis of DNA replication (Fig. 4B) lanes 1-3) and VP1 (lanes 4-6) RNA probes, respectively. WT, wild type. Replication assays were performed as 1 2 in Fig. 2C (2, 3) . Large TAg has also been proposed to be involved in the repression of early gene expression at late times and in transactivating the late promoter (2, 9, 10) . Because mutations in large TAg or its binding sites always abolish DNA replication, it was unclear whether large TAg, DNA replication, or both are needed for the transactivation of polyoma virus late genes. To characterize the molecular event(s) needed for the switch, we set out to identify the cis and trans elements involved. To block viral replication, we separately mutated three targets: TAgs, highaffinity TAg binding sites, and the viral replication origin. None of these replication-defective mutants displayed high levels of late gene expression in transient expression assays (Fig. 1B) . Results using araC and aphidicolin to block replication in infected cells also indicated that the polyoma early-late switch is dependent on replication ofthe virus, and not on early proteins; overexpression ofearly messages in the presence of these inhibitors did not activate late gene expression (Fig. 3) . Further support for this conclusion comes from the cotransfection of constructs oriA-M and mutants 5'ssA and ALM (Fig. SA) , where a replicating viral genome that expressed levels of early messages equal to or higher than wild type, but low levels of late transcripts, was incapable of transactivating a replication-defective genome.
As DNA replication has been suggested to influence the gene expression of several animal viruses in cis (17, (23) (24) (25) , we carried out cotransfection experiments with wild-type virus and a marked replication-incompetent genome, oriA-M (Fig. 2) . When oriA-M was transfected alone into mouse cells it expressed predominantly early-strand RNAs; however, when it was cotransfected with wild-type virus, its late gene expression was activated (Fig. 2B) . We conclude that late gene expression is activated in trans by replicating genomes. The fact that no replication was seen for oriA-M when cotransfected with wild type, even at long exposures of the film shown in Fig. 2C , argues that recombination between cotransfecting plasmids cannot account for the apparent transactivation of the late genes of oriA-M.
Further studies were conducted to determine whether late gene expression is transactivated by an induced positive regulator or derepressed by removal of a negative one. As the results above indicate, the induction of a positive regulator could not be a direct one due to a viral early protein but must be an indirect consequence of DNA replication. Results of the Tfs-M and oriA cotransfection indicate that a low level of DNA replication does not appear to be sufficient to induce the transition from early to late phase (Fig. 4A) . In this cotransfection, construct Tfs-M replicated to only 5-10% the level of wild-type polyoma virus (Fig. 4B ) and neither Tfs-M nor oriA displayed a late pattern of gene expression, even though both the early-strand and the basal late-strand signals from the replicating Tfs-M genome were substantially enhanced due to a moderate increase in template number. As high-level expression of early genes is insufficient to induce the switch (Fig. 3) (3, 14) . Thus, the accumulation of late transcripts is regulated by RNA stability, which itself may be related to transcription termination and/or RNA splicing. One explanation for the data presented here is that a trans-acting RNA-binding factor(s) that regulates the elongation of the transcription complex is titrated out as the lytic cycle proceeds. The target of this titration is not yet known. Another explanation for our results would be that splicing is required for late RNA accumulation and that it becomes more efficient at late times. Although less is known about the trans-acting regulators than cis-acting elements for alternative splicing (for a review, see ref. 40) , it has been postulated in adenovirus (41) that some splicing factors might become limiting after the accumulation of viral transcripts, resulting in a change in alternative splicing. Therefore, the increasing demand for splicing factors late in polyoma infection may titrate a trans-acting splicing regulatory factor(s).
